Mode-selective absorption is realized by designing the ridge waveguide structure on silicon-on-insulator combined with two metal titanium (Ti) strips located on the two waveguide edges. The TE 1 mode can be much easier to permeate the waveguide edges by designing the waveguide structure carefully. Therefore, the overlap between the TE 0 and TE 1 modes is reduced in the cross section and then the TE 1 mode can be absorbed selectively by Ti strips. According to the opto-thermal effect, the refractive index of the waveguide will increase when the temperature rises. As a result, this waveguide structure can achieve all-optical control between two transverse modes with compact structure and low power consumption. As an example, a novel all-optical switch based on the proposed waveguide structure and Bragg grating was designed and numerically studied. We think the proposed structure may give a new way for all-optical control between two transverse modes, especially for the applications in the integrated mode division multiplexing systems.
Introduction
All-Optical control devices have attracted much interest in optical communication and signal processing ,since it can overcome the speed and loss limitations of the conversion between optical and electronic domains [1] - [3] . Silicon chip is an important platform to realize all-optical control due to the advantages of high bandwidth, low cost, high integration density and compatibility with complementary metal-oxide-semiconductor (CMOS) fabrication platform [4] , [5] . Recently, various all-optical devices such as switches and modulators on silicon chips have been proposed and experimentally demonstrated [6] - [11] . Among these devices, one of the commonly used configurations is that the pump and probe lights are both coupled into the same on-chip waveguide structure, which is suitable for monolithic integration. In this case, the pump light wavelength must be different from the probe light wavelength to avoid the potential crosstalk. For example, in the switch based on micro-ring resonator, the probe light wavelengths are around one specific resonance and the pump light wavelength is around another resonance [10] , [11] . Therefore, an additional light source as the pump light must be applied resulting in increased cost and complexity of the whole system.
On the other hand, mode division multiplexing (MDM) systems have been widely studied to satisfy the increasing demands for ultrahigh data bandwidth [12] - [16] . In MDM systems, the different transverse modes share the same wavelength. Therefore, only one laser source with a fixed wavelength is required. Among the studies of multi-mode devices, several efforts have been made to manipulate one specific mode in a multi-mode waveguide [17] , [18] . For example, a patterned indium-tin-oxide (ITO) structure is used to selectively modulate one transverse mode, for the fact that the TE 0 and TE 1 modes can be spatially separated in the specially designed waveguide [18] . Based on the independence of each transverse mode, one potential approach to realize all-optical control is using the pump mode to control the probe mode with the same wavelength. As a result, only one light source is required, which may lower the lost and simplify the whole system. It can be considered as a counterpart of the traditional all-optical control between lights with two different wavelengths. To the best of our knowledge, this kind of method for all-optical control has not been studied yet.
In this paper, we propose a new all-optical control configuration taking advantages of the spatial separation of two independent transverse modes. The ridge waveguide structure on silicon-oninsulator (SOI) is optimized to make the TE 1 mode easier to permeate the waveguide edges than the TE 0 mode. In addition, two titanium (Ti) strips are placed on the waveguide edges to selectively absorb the TE 1 mode. As a result, opto-thermal nonlinearity can be caused. Based on this effect, an all-optical switch with Bragg grating filter was designed and simulated as an example, showing high extinction ratio and low power consumption. Therefore, we think the proposed configuration may give a new way to realize all-optical control and provide potential applications for signal processing in MDM systems.
Principles

Partial Separation of Two Modes in Ridge Waveguide
The electric field profiles of the TE 0 and TE 1 modes in a channel silicon waveguide surrounded by silica claddings are shown in Fig. 1 . Since the light powers of the two modes nearly fully fill the whole waveguide, one cannot separate these two modes efficiently in space to individually manipulate each mode. To solve this problem, a ridge waveguide is designed to make the TE 1 mode easier to permeate the two side edges. If light absorbers such as Ti are placed on the waveguide edges where the overlap between the TE 0 and TE 1 modes is reduced, the mode selective absorption (for the TE 1 mode) can be realized. Fig. 2 (b-c) show the electric field profiles of the TE 0 and TE 1 modes without considering Ti strips. It can be seen that the field intensity of the TE 1 mode is much stronger than the TE 0 mode in the waveguide edges. In addition, we found the ridge width (w 2 ) can affect the electric field of the TE 1 mode more obviously than the TE 0 mode in the waveguide edges. The field intensity ratio of the TE 1 mode to the TE 0 mode (|E TE1 /E TE0 |) near the waveguide edges versus w 2 is plotted in Fig. 3 . The field intensity ratio decreases when ridge width increases, which indicates that smaller w 2 can give a better mode separation. Considering that too small w 2 can make the TE 1 mode become leaky and cutoff, we choose w 2 to be 0.8 μm in the following design.
Mode Selective Absorption
Because of the relatively large imaginary part of refractive index, Ti is a good absorber for a wide wavelength band. In the proposed waveguide structure with Ti strips, the TE 0 and TE 1 modes show different imaginary parts of effective indices due to the different mode profiles. If the width of each Ti strip (w Ti ) varies along the longitudinal direction, the electric field variation can be written as:
where k 0 = 2π/λ is the wave vector in free space, n r and n i are the real and imaginary parts of effective index, respectively. The absorbed light power can be converted into heat by Ti and then lead to the change of refractive index. If a uniform change of refractive index along the waveguide is required, the temperature distribution must be uniform along the waveguide as well. This requires the light power to be absorbed linearly. We suppose the optical power P 0 becomes P 0 (1-αz) when light propagates z distance, where α is the absorption coefficient. The differential equation can be written as:
Then n i can be derived from Eq. (1) and (2):
We calculated the curves of n i along the longitudinal direction with different absorption ratios in a 100-μm long waveguide, which is plotted in Fig. 4 . It shows the n i is nonuniform along the waveguide. Therefore, the Ti strip width should be varied along the waveguide to obtain the required distribution of n i .
Then we calculated the n i of the TE 0 and TE 1 modes at 1550.0 nm with different Ti strip widths under room temperature (299.15 K). The simulation parameters are listed in Table 1 . As shown in Fig. 5(a) , n i of the TE 1 mode quickly increases with the increase of the Ti strip width, while n i of the TE 0 mode maintains nearly zero. It indicates that good performance of the mode selective absorption can be ensured. The absorption of the TE 0 mode is very weak. The n i of the TE 0 mode is only 9.1 × 10 −5 when the Ti strip width is 0.1 μm. Fig. 5(b) gives an example of the distribution of Ti strip width along the waveguide when 60% of the TE 1 mode is absorbed in a 100-μm long waveguide. The absorption of the TE 0 mode in this case is only 2%.
Opto-Thermal Effect
In the following we will analyze the thermal field caused by the absorption of light. Assuming the waveguide is long enough, the heat flux along the longitudinal direction can be ignored and thus only the cross section need to be studied. The heat transfer Fourier's equation in transient condition can be written as [19] :
where ρ is density, C p is the specific heat capacity, T is temperature, Q 0 is the heat generation rate and q is the heat flux, which can be expressed as q = −k∇T , where k is the thermal conductivity. The initial temperature and ambient temperature are both room temperature (T 0 = 299.15 K). The boundary conditions are: k(dT/dy) = −h(T−T 0 ) on the top surface where h = 5.0 W/(m 2 ·K) is the coefficient of heat convection, T = T 0 on the bottom surface and dT/dx = 0 on the lateral surfaces.
We suppose that the TE 1 mode with incident power of 8.0 mW is absorbed for 60% within 100 μm. The finite element method (FEM) was used to study the temperature distribution. Fig. 6(a) is the transient response of the central temperature of the waveguide. It can be seen that the rise and fall time are both about 50 μs, and the shift of the temperature is 18.01 K. Fig. 6(b) shows the temperature distribution and heat flux of the cross section in steady state. Fig. 6(c) shows the temperature distribution of the waveguide by three-dimension (3D) simulation with coupling between the electromagnetic field and the thermal field. The temperature distribution is uniform except for the two ends of the waveguide, which agrees well with our design.
According to the thermo-optic effect, the refractive indices of the materials increase as temperature rises. Then according to the distribution of the refractive index, we calculated the real part of the effective index of the TE 0 mode by FEM simulation. As shown in Fig. 7 , the central temperature of the waveguide and real part of the effective index of the TE 0 mode are linearly proportional to the incident power of the TE 1 mode.
We further investigate the influence of the waveguide structure change on the thermal response. Two waveguide structure changes are simulated and compared with the original waveguide structure described in Section 2.1. Here we assume that the absorption of the TE 1 mode is not affected. One waveguide structure is that the upper silica cladding thickness increases to 2.0 μm. The transient responses of the central temperature of the waveguide are shown in Fig. 8(a) . It can be seen that when keeping the same incident light power of 8.0 mW, the waveguide temperature shift decreases to 16.33 K. To acquire the same waveguide temperature shift, the higher incident light power of 8.8 mW is required. In this case, both the rise and fall time increase to about 75 μs. Therefore, a lower upper silica cladding thickness is preferred due to both the less power consumption and the short response time. The other waveguide structure is introducing the air trench to reduce the power consumption. The schematic is shown in the inserted figure of Fig. 8(b) . The top silica cladding is Fig. 9 . Schematic of the all-optical switch based on the proposed waveguide structure. The Inserted figure is the cross section of the ridge waveguide in the grating section.
fully etched. The space between the two trenches is 4.0 μm. As shown in Fig. 8(b) , the waveguide temperature shift increases to 20.29 K with the same incident light power. When keeping the same waveguide temperature shift, the required incident light power decreases to 4.26 mW. However, the rise and fall time remain almost unchanged.
Device Application
As an example, we designed an all-optical switch that the TE 1 mode controls the TE 0 mode. The switch is based on the proposed ridge waveguide structure combined with asymmetrical directional coupler (ADC) and Bragg grating, as shown in Fig. 9 . The bus waveguide is varied form the single mode channel waveguide to the multimode channel waveguide through a taper. The TE 0 mode is directly launched into the bus waveguide, while the TE 1 mode with the same wavelength is coupled from the branch waveguide to the bus waveguide through an ADC. The width and height of the multimode channel waveguide are 0.80 μm and 0.22 μm, respectively. The width of the branch waveguide is 0.38 μm in order to satisfy the phase match condition for the ADC which [20] . The length and gap of the ADC are 14.5 μm and 0.2 μm, respectively. A "bi-level" taper is used to connect the channel waveguide and the proposed ridge waveguide with parameters described in Section 2.1. Although the waveguide becomes asymmetric in the vertical direction, there is no mode conversion that occurs [21] . The uniform grating corrugation is on the top surface of the proposed ridge waveguide. The etch depth is 15 nm so that the coupling coefficient of the grating is about 50 mm −1 . The period and length of the grating are 286.5 nm and 100 μm, respectively. The TE 1 mode is designed to be absorbed for 60% in the grating section. In order to leak the residual TE 1 mode, the waveguide of the output port can only support the single TE mode.
Because of the large difference between the effective refractive indices of the TE 0 and TE 1 modes, the Bragg wavelengths of these two modes differ greatly. Therefore, we can always select a wavelength to make the TE 0 mode meet the transmission peak in long wavelength side of the stop band and the TE 1 mode pass through the Bragg grating along with absorption. Then, the TE 0 transmission spectrum of the Bragg grating will red shift due to the heat generated by Ti, which leads to the block of the incident TE 0 mode. As a result, all-optical switch can be achieved between two modes with the single wavelength. In order to analyze the device performance, an algorithm combined with 3D FEM and transmission matrix method (TMM) [22] is proposed to consider the absorption and opto-thermal effect of both the TE 0 and TE 1 modes.
The flow chart of the algorithm is shown in Fig. 10 . Firstly, the initial temperature is assumed to be room temperature. The waveguide grating parameters, such as effective refractive indices, are assigned. Hence, the longitudinal optical field distribution and the transmittance of the TE 0 mode can be calculated by TMM. Then, the heat generated by Ti can be calculated. After that, the temperature distribution can be calculated using FEM and then the refractive index change of the waveguide can be achieved. Using the new refractive index distribution of the waveguide, we can calculate the longitudinal optical field distribution and the transmittance of the TE 0 mode again. If the last two transmittances are converged to a constant value, the steady state solution is achieved. If not, the thermal distribution will be calculated with the updated parameters and the loop will continue.
We suppose the incident power of the TE 0 mode is 1.0 mW at the working wavelength of 1555.9 nm. The calculated transmission spectrum is shown in Fig. 11(a) . The two curves with and without considering the absorption of the TE 0 mode are almost overlapped except for the regions around the transmission peaks. This is because the strong resonance enhances the absorption of the TE 0 mode in these regions. Fig. 11(b) shows the transmittance of the TE 0 mode with variation of the incident power of the TE 1 mode. It can be seen the transmittance of the TE 0 mode is −0.62 dB when no TE 1 mode is incident, which indicates the low insertion loss of the whole device. When the incident power of the TE 1 mode reaches 5.0 mW, the transmittance of the TE 0 mode decreases to −20.44 dB with the extinction ratio of 19.82 dB.
Conclusion
In conclusion, we propose a ridge waveguide with two Ti strips to realize mode selective absorption. Using this structure with opto-thermal nonlinearity, a new configuration of all-optical switch which the TE 1 mode controls the TE 0 mode with the same wavelength was proposed and numerically studied. The waveguide temperature shift of 18.01 K is achieved with the rise and fall time of both about 50 μs. As an example, an all-optical switch is designed and simulated. The simulation result shows that it has a low power consumption of around 5.0 mW to achieve the extinction ratio of 19.82 dB. As a counterpart of the traditional configuration for all-optical control with two wavelengths, we think it gives a new way to realize on-chip all-optical control, especially for the integrated MDM chips.
